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ABSTRACT
)UHTXHQF\GRPDLQDSSURDFKHVWRDXGLRWLPHVFDOHPRGLILFDWLRQ
LQWURGXFHDUHYHUEHUDQWDUWLIDFWLQWRWKHWLPHVFDOHGRXWSXWGXH
WR D ORVV LQ SKDVH FRKHUHQFH EHWZHHQ VXEEDQG FRPSRQHQWV
:KLOVW WHFKQLTXHV KDYH EHHQ GHYHORSHG ZKLFK UHGXFH WKH
SUHVHQFH RI WKLV DUWLIDFW LW UHPDLQV D VRXUFH RI GLIILFXOW\ $
PHWKRGRIWLPHVFDOLQJLVSUHVHQWHGWKDWUHGXFHVWKHSUHVHQFHRI
UHYHUEHUDWLRQE\WDNLQJDGYDQWDJHRIVRPHIOH[LELOLW\WKDWH[LVWV
LQ WKH FKRLFH RI SKDVH UHTXLUHG VR DV WR PDLQWDLQ KRUL]RQWDO
SKDVHFRKHUHQFHDORQJIUHTXHQF\GRPDLQVXEEDQGFRPSRQHQWV
7KHDSSURDFKPDNHVXVHRIDSSHDOLQJDVSHFWVRIH[LVWLQJWLPH
GRPDLQDQGIUHTXHQF\GRPDLQWLPHVFDOLQJWHFKQLTXHV
1. INTRODUCTION
7LPHVFDOHPRGLILFDWLRQRIDXGLRDOWHUVWKHGXUDWLRQRIDQDXGLR
VLJQDO ZKLOVW UHWDLQLQJ WKH VLJQDOV ORFDO IUHTXHQF\ FRQWHQW
UHVXOWLQJ LQ WKHRYHUDOO HIIHFWRIVSHHGLQJXSRUVORZLQJGRZQ
WKHSHUFHLYHGSOD\EDFNUDWHRIDUHFRUGHGDXGLRVLJQDOZLWKRXW
DIIHFWLQJLWVSHUFHLYHGSLWFKRUWLPEUH
7KHUH DUH WZR EURDG DSSURDFKHV XVHG WR DFKLHYH D WLPH
VFDOLQJ HIIHFW LH WLPHGRPDLQ DQG IUHTXHQF\GRPDLQ 7LPH
GRPDLQ DOJRULWKPV VXFK DV WKH V\QFKURQL]HG RYHUODSDGG
62/$ DOJRULWKP >@ DUH JHQHUDOO\PRUH HIILFLHQW WKDQ WKHLU
IUHTXHQF\GRPDLQ FRXQWHUSDUWV EXW UHTXLUH WKH H[LVWHQFH RI D
VWURQJ TXDVLSHULRGLF HOHPHQW ZLWKLQ WKH VLJQDO WR EH WLPH
VFDOHG LQ RUGHU WR SURGXFH D KLJK TXDOLW\ RXWSXW 7KLVPDNHV
WKHP JHQHUDOO\ XQVXLWDEOH IRU WKHLU DSSOLFDWLRQ WR FRPSOH[
DXGLR VXFK DV PXOWLSLWFKHG SRO\SKRQLF PXVLF )UHTXHQF\
GRPDLQ WHFKQLTXHV VXFK DV WKH SKDVH YRFRGHU >@ DQG
VLQXVRLGDOPRGHOOLQJ >@ DUH FDSDEOHRI WLPHVFDOLQJ FRPSOH[
DXGLR EXW LQWURGXFH D UHYHUEHUDQWSKDV\ DUWLIDFW LQWR WKH WLPH
VFDOHG RXWSXW 7KLV DUWLIDFW LV JHQHUDOO\PRUH REMHFWLRQDEOH LQ
VSHHFK WKDQ LQPXVLFVLQFHPXVLFUHFRUGLQJVW\SLFDOO\FRQWDLQ
DVLJQLILFDQWO\KLJKHUOHYHORIUHYHUEHUDWLRQWKDQVSHHFKVRWKDW
DGGLWLRQDO UHYHUEHUDWLRQ LQWURGXFHG E\ WLPHVFDOLQJ LV QRW DV
QRWLFHDEOH
7KLV SDSHU SUHVHQWV D K\EULG WLPHIUHTXHQF\ GRPDLQ
DOJRULWKPWKDWWDNHVDGYDQWDJHRIFHUWDLQDVSHFWVRIHDFKEURDG
DSSURDFK WR UHDOL]H DQ HIILFLHQW DQG UREXVW WLPHVFDOLQJ
LPSOHPHQWDWLRQ ZKLFK UHGXFHV WKH SUHVHQFH RI WKH SKDVLQHVV
DUWLIDFWDVVRFLDWHGZLWKIUHTXHQF\GRPDLQLPSOHPHQWDWLRQV
7KLV SDSHU LV VWUXFWXUHG DV IROORZV 6HFWLRQ  SURYLGHV DQ
RYHUYLHZ RI 62/$ 6HFWLRQ  RXWOLQHV WKH EDVLF RSHUDWLRQ RI
WKHLPSURYHGSKDVHYRFRGHU>@ZKLFKPDNHVXVHRIVLQXVRLGDO
PRGHOLQJ WHFKQLTXHV WR LPSURYH XSRQ WKH VWDQGDUG SKDVH
YRFRGHU6HFWLRQGLVFXVVHVWKHSKDVHWROHUDQFHDOORZHGZLWKLQ
SKDVHYRFRGHU LPSOHPHQWDWLRQV>@DQGGHPRQVWUDWHVKRZWKLV
WROHUDQFH FDQ EH XVHG WR SXVKSXOO SKDVHV EDFN LQWR D SKDVH
FRKHUHQW VWDWH6HFWLRQGHVFULEHV WKHK\EULGDSSURDFKZKLFK
LQFRUSRUDWHV ERWK WLPHGRPDLQ DQG IUHTXHQF\GRPDLQ IHDWXUHV
WKURXJKPDQLSXODWLRQRIWKHSKDVHWROHUDQFHLGHQWLILHG6HFWLRQ
FRQFOXGHV
2. SYNCHRONIZED OVERLAP-ADD
7LPHGRPDLQDOJRULWKPVRSHUDWHE\DSSURSULDWHO\GLVFDUGLQJRU
UHSHDWLQJ VXLWDEOH VHJPHQWV RI WKH LQSXWZLWK WKH GXUDWLRQ RI
WKHVH VHJPHQWVEHLQJ W\SLFDOO\DQ LQWHJHUPXOWLSOHRI WKH ORFDO
SLWFK SHULRG ZKHQ LW H[LVWV 7LPHGRPDLQ WHFKQLTXHV DUH
FDSDEOHRI SURGXFLQJ DYHU\KLJKTXDOLW\RXWSXWZKHQGHDOLQJ
ZLWKTXDVLSHULRGLFVLJQDOVVXFKDVVSHHFKEXWKDYHGLIILFXOW\
ZLWK PRUH FRPSOH[ DXGLR VXFK DV PXOWLSLWFKHG SRO\SKRQLF
DXGLR>@,WVKRXOGEHQRWHGWKDWIHZHUGLVFDUGUHSHDWVHJPHQWV
DUHUHTXLUHGWKHFORVHUWKHGHVLUHGWLPHVFDOHGXUDWLRQLVWRWKDW
RI WKHRULJLQDOGXUDWLRQ>@7KHUHIRUH WLPHGRPDLQDOJRULWKPV
SURGXFH SDUWLFXODUO\ KLJK TXDOLW\ UHVXOWV IRU WLPHVFDOH IDFWRUV
FORVHWRRQHVLQFHVLJQLILFDQWSRUWLRQVRIWKHRXWSXWDUHGLUHFWO\
FRSLHGZLWKRXWSURFHVVLQJIURPWKHLQSXW
7KH62/$DOJRULWKPDFKLHYHV WKHGLVFDUGUHSHDWSURFHVVE\
ILUVWVHJPHQWLQJWKHLQSXWLQWRRYHUODSSLQJIUDPHVRIOHQJWK1
ZLWK HDFK IUDPH6D VDPSOHV DSDUW6D LV WKH DQDO\VLV VWHS VL]H
7KH WLPHVFDOHG RXWSXW \ LV V\QWKHVL]HG E\ RYHUODSSLQJ
VXFFHVVLYHIUDPHVZLWKHDFKIUDPHDGLVWDQFHRI6VĲPVDPSOHV
DSDUW6V LV WKHV\QWKHVLVVWHSVL]HDQG LV UHODWHG WR6DE\6V 
α6D ZKHUH α LV WKH WLPH VFDOLQJ IDFWRU ĲP LV D RIIVHW WKDW
HQVXUHVWKDWVXFFHVVLYHV\QWKHVLVIUDPHVRYHUODSV\QFKURQRXVO\
)LJXUH  LOOXVWUDWHV DQ LWHUDWLRQ RI WKLV SURFHVV ZKHUHE\ DQ
LQSXWIUDPHLVDSSHQGHGWRWKHFXUUHQWRXWSXW
)LJXUH62/$LWHUDWLRQ
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6WDQGDUG 62/$ SDUDPHWHUV DUH JHQHUDOO\ IL[HG KRZHYHU LQ
>@DQDGDSWLYHDQGHIILFLHQWSDUDPHWHUVHWLVGHULYHGZKLFKLV
XVHGLQWKHK\EULGLPSOHPHQWDWLRQVHFWLRQDQGLVJLYHQE\
__ α−
−
=
65/6 VWDWD  
⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
−
−
+= __ αα
65/651 VWDW  
ZKHUH/VWDWLVWKHVWDWLRQDU\OHQJWKDSSUR[PVDQG65LV
WKH VHDUFK UDQJH RYHU ZKLFK ĲP LV GHWHUPLQHG DSSUR[ 
PV
3. IMPROVED PHASE VOCODER
7LPHGRPDLQWHFKQLTXHVPDLQWDLQµKRUL]RQWDO¶V\QFKURQL]DWLRQ
EHWZHHQVXFFHVVLYHIUDPHVE\GHWHUPLQLQJUHJLRQVRIVLPLODULW\
EHWZHHQ WKH IUDPHV SULRU WR RYHUODSDGGLQJ DV VXFK WLPH
GRPDLQ WHFKQLTXHV UHTXLUH WKH LQSXW WREH VXLWDEO\SHULRGLF LQ
QDWXUH3KDVHYRFRGHULPSOHPHQWDWLRQVRSHUDWHE\PDLQWDLQLQJ
µKRUL]RQWDO¶V\QFKURQL]DWLRQDORQJVXEEDQGVVXFKDQDSSURDFK
UHPRYHVWKHQHFHVVLW\IRUDTXDVLSHULRGLFEURDGEDQGVLJQDO
:LWKLQ SKDVH YRFRGHU LPSOHPHQWDWLRQV LW LV DVVXPHG WKDW
HDFK VXEEDQG FRQWDLQV D TXDVLVLQXVRLGDO FRPSRQHQW >@
6WDQGDUG LPSOHPHQWDWLRQV RI WKH SKDVH YRFRGHU PDNH XVH RI
XQLIRUP ZLGWK ILOWHUEDQNV WR H[WUDFW WKH TXDVLVLQXVRLGDO
VXEEDQGV W\SLFDOO\ WKURXJK WKH HIILFLHQW XVH RI D VKRUWWLPH
)RXULHUWUDQVIRUP67)7
+RUL]RQWDO V\QFKURQL]DWLRQ RU KRUL]RQWDO SKDVH FRKHUHQFH
>@ LV PDLQWDLQHG DW D VXEEDQG OHYHO E\ HQVXULQJ WKDW WKH
H[SHFWHG SKDVH RI HDFK VLQXVRLGDO FRPSRQHQW IROORZV WKH
VLQXVRLGDOSKDVHSURSDJDWLRQUXOHLH
ĳ ĳȦW±W 
ZKHUH ĳ LV WKH LQVWDQWDQHRXV SKDVH DW WLPH W Ȧ LV WKH
IUHTXHQF\RI WKHVLQXVRLGDOFRPSRQHQWDQGĳ LVWKHH[SHFWHG
SKDVHRIWKHVLQXVRLGDOFRPSRQHQWDWWLPHW
'XULQJ WLPHVFDOH PRGLILFDWLRQ PDJQLWXGH YDOXHV RI WKH
VLQXVRLGDO VXEEDQG FRPSRQHQWV DUH VLPSO\ LQWHUSRODWHG RU
GHFLPDWHG WR WKHGHVLUHGGXUDWLRQ ,Q >@ WLPHVFDOHH[SDQVLRQ
LV DFKLHYHG E\ DSSURSULDWHO\ UHSHDWLQJ 67)7ZLQGRZV HJ WR
WLPHVFDOHE\DIDFWRURIHYHU\VHFRQGZLQGRZLVUHSHDWHG
VLPLODUO\ WLPHVFDOH FRPSUHVVLRQ LV DFKLHYHG E\ RPLWWLQJ
ZLQGRZV HJ WR WLPH VFDOH E\ D IDFWRU RI  HYHU\ WHQWK
DQDO\VLVZLQGRZLVRPLWWHG7KHSKDVHSURSDJDWLRQIRUPXODRI
HTXDWLRQ  LV WKHQ DSSOLHG WR HDFK VXEEDQG RU GLVFUHWH
)RXULHU7UDQVIRUP')7ELQIURPZLQGRZWRZLQGRZ
,Q >@ LW LV UHFRJQL]HG WKDW QRW DOO VXEEDQGV DUH WUXH
VLQXVRLGDOFRPSRQHQWV DQGVRPHDUHHVVHQWLDOO\µLQWHUIHUHQFH¶
WHUPV LQWURGXFHG E\ WKH ZLQGRZLQJ SURFHVV RI WKH 67)7
DQDO\VLV>@QRWHVWKDWDSSO\LQJWKHSKDVHSURSDJDWLRQUXOHWR
WKHVH LQWHUIHUHQFH WHUPV UHVXOWV LQ D ORVV RI µYHUWLFDO SKDVH
FRKHUHQFH¶EHWZHHQVXEEDQGVZKLFKLQWURGXFHVDUHYHUEHUDQWRU
SKDV\ DUWLIDFW LQWR WKH WLPHVFDOHGRXWSXW7KHVROXWLRQ WR WKLV
SUREOHP LV WR LGHQWLI\ µWUXH¶ VLQXVRLGDO FRPSRQHQWV WKURXJK D
PDJQLWXGH VSHFWUXPSHDNSHDNLQJSURFHGXUH DQGDSSO\LQJ WKH
SKDVHSURSDJDWLRQUXOHWRWKHVHFRPSRQHQWVRQO\7KHSKDVHVRI
WKH VXEEDQG FRPSRQHQWV LQ WKH µUHJLRQ RI LQIOXHQFH¶ RI D
SHDNVLQXVRLGDO VXEEDQG DUH XSGDWHG LQ VXFK D PDQQHU DV WR
SUHVHUYHWKHRULJLQDOSKDVHUHODWLRQVKLSV>@
:KLOVW >@ UHVXOWV LQ LPSURYHG YHUWLFDO SKDVH FRKHUHQFH
EHWZHHQ D WUXH VLQXVRLGDO FRPSRQHQW DQG LWV QHLJKERULQJ
LQWHUIHUHQFH FRPSRQHQWV LW GRHV QRW DWWHPSW WR PDLQWDLQ WKH
RULJLQDO SKDVH UHODWLRQVKLSV WKDW H[LVW EHWZHHQ WUXH VLQXVRLGDO
FRPSRQHQWV 7KH ORVV RI SKDVH FRKHUHQFH EHWZHHQ WKHVH
FRPSRQHQWV DOVR UHVXOWV LQ WKH LQWURGXFWLRQ RI UHYHUEHUDWLRQ
7KLVSUREOHP LVDGGUHVVHG LQ WKH OLWHUDWXUHZKHUHE\ WKHSKDVH
UHODWLRQVKLSRUµUHODWLYHSKDVHGLIIHUHQFH¶EHWZHHQKDUPRQLFDOO\
UHODWHGFRPSRQHQWVRIDKDUPRQLFVLJQDOLVPDLQWDLQHGWKURXJK
YDULRXV WHFKQLTXHV HJ >@ 7KHVH DSSURDFKHV KRZHYHU
UHTXLUH WKHGHWHUPLQDWLRQRI WKH ORFDO SLWFKSHULRG:KLOVW WKH
WHFKQLTXHV RI >@ DWWHPSW WR PDLQWDLQ YHUWLFDO SKDVH
FRKHUHQFH WKURXJK WKH PDQLSXODWLRQ RI WKH SKDVH YDOXHV RI
KDUPRQLFDOO\ UHODWHG VLQXVRLGDO FRPSRQHQWV WLPHGRPDLQ
DSSURDFKHV LPSOLFLWO\ PDLQWDLQ YHUWLFDO SKDVH FRKHUHQFH E\
YLUWXH RI WKH IDFW WKDW WKH EURDGEDQG VLJQDO LV QRW SDUWLWLRQHG
LQWRVXEEDQGV
4. PHASE FLEXIBILITYWITHIN PHASE VOCODER
,Q>@LWLVVKRZQWKDWGLVSODFLQJWKHKRUL]RQWDOSKDVHRIDSXUH
VLQXVRLGDO FRPSRQHQW IURP LWV LGHDOH[SHFWHG YDOXH ZLWKLQ D
ZLQGRZ RI WKH SKDVH YRFRGHU UHVXOWV LQ D FHUWDLQ DPRXQW RI
DPSOLWXGHDQGIUHTXHQF\PRGXODWLRQEHLQJLQWURGXFHGLQWRWKH
VLQXVRLGDOFRPSRQHQW)XUWKHUPRUHLQ>@LWLVVKRZQWKURXJK
DSV\FKRDFRXVWLFDQDO\VLVWKDWLIWKHSKDVHGHYLDWLRQLQWURGXFHG
LV OHVV WKDQ D SDUWLFXODU YDOXH WKH DPSOLWXGH DQG IUHTXHQF\
PRGXODWLRQVZLOOQRWEHSHUFHLYHG7KHSKDVHGHYLDWLRQWKDWLV
µSHUFHSWXDOO\ WROHUDWHG¶ LV GHSHQGHQW RQ WKH KRS VL]H DQG
ZLQGRZ OHQJWK RI WKH 67)7 )URP >@ WKH PD[LPXP SKDVH
GHYLDWLRQWROHUDWHGșIRUDDQDO\VLVZLQGRZRYHUODSLV
ș  PLQ^DUFWDQ/`UDGLDQV 
ZKHUH/LVWKHGXUDWLRQRIWKHDQDO\VLVZLQGRZLQVHFRQGV
7KHZRUNLQJVIRUWKHGHULYDWLRQRIHTXLYDOHQWHTXDWLRQVIRUD
RYHUODSDUHVRPHZKDWYHUERVHDQGFDQEHGHWHUPLQHGLQD
VLPLODUPDQQHUWRWKHPHWKRGRORJ\RXWOLQHGLQ>@)RUWKHVDNH
RI FRQYHQLHQFH WKH HTXDWLRQV GHULYHG IRU D  RYHUODS DUH
SURYLGHG KHUH 7KH PD[LPXP SKDVH GHYLDWLRQ WROHUDWHG ș LV
JLYHQE\
ș  PLQ^DUFVLQ/`UDGLDQV 
,W VKRXOG EH QRWHG WKDW  LV DQ DSSUR[LPDWLRQ YDOLG ZLWKLQ
IRUYDOXHVRIșOHVVWKDQUDGLDQV
>@DOVRVKRZVKRZWKHSKDVHWROHUDQFHFDQEHXVHGWRSXVK
RU SXOO DPRGLILHG 67)7 UHSUHVHQWDWLRQ LQWR D SKDVH FRKHUHQW
VWDWHWKHEDVLFSULQFLSOHLVEULHIO\H[SODLQHGDVIROORZV
&RQVLGHUWKHVLWXDWLRQLOOXVWUDWHGLQ)LJXUHDVVXPHWKDWWKH
SKDVHV RI V\QWKHVLV ZLQGRZ 
 DUH HTXDO WR WKRVH RI DQDO\VLV
ZLQGRZ WKHSKDVHVRI WKH UHSHDWHGV\QWKHVLVZLQGRZ
DUH
WKHQ GHWHUPLQHG VXFK WKDW KRUL]RQWDO SKDVH FRKHUHQFH LV
PDLQWDLQHGEHWZHHQWUXHVLQXVRLGDOFRPSRQHQWVSHDNVZKLOVW
SKDVHV RI QHLJKERULQJ FRPSRQHQWV DUH XSGDWHG VR DV WR
PDLQWDLQYHUWLFDOSKDVHFRKHUHQFH+RUL]RQWDOSKDVHFRKHUHQFH
EHWZHHQ WKH SHDNV RI V\QWKHVLV ZLQGRZV 
 DQG 
 FDQ EH
SUHVHUYHGE\NHHSLQJ WKHVDPHSKDVHGLIIHUHQFHEHWZHHQ WKHP
WKDW H[LVWV EHWZHHQ DQDO\VLV ZLQGRZV  DQG  >@ WKHQ
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V\QWKHVLVZLQGRZ
FRPSULVHVRIWKHPDJQLWXGHVDQGSKDVHVRI
DQDO\VLVZLQGRZ DQG LV WKHUHIRUHSHUIHFWO\SKDVHFRKHUHQW
ZKLOVW V\QWKHVLV ZLQGRZ 
 FRPSULVHV RI WKH PDJQLWXGHV RI
DQDO\VLVZLQGRZDQGDVHWRISKDVHVFORVHWRWKRVHRIDQDO\VLV
ZLQGRZ  DQG LV WKHUHIRUH JHQHUDOO\ QRW SHUIHFWO\ SKDVH
FRKHUHQW ,W IROORZV WKDW LQ JHQHUDO V\QWKHVLV ZLQGRZ Q

FRPSULVHVRIWKHPDJQLWXGHVRIDQDO\VLVZLQGRZQDQGSKDVHV
FORVHWRWKRVHRIDQDO\VLVZLQGRZQIRUDOOZLQGRZVXSWRWKH
QH[WGLVFDUGUHSHDWIUDPH
,Q>@WKHV\QWKHVLVSKDVHYDOXHVRIV\QWKHVLVZLQGRZQ
DUH
SXVKHGRUSXOOHGWRZDUGWKHSKDVHYDOXHVRIDQDO\VLVZLQGRZQ
 XVLQJ WKH KRUL]RQWDO SKDVH WROHUDQFH HVWDEOLVKHG 2QFH WKH
SKDVHVRIZLQGRZQ
HTXDOWKRVHRIWKHWDUJHWSKDVHVRIDQDO\VLV
ZLQGRZQSHUIHFWSKDVHFRKHUHQFHLVUHVWRUHG,WIROORZVWKDW
VXEVHTXHQWZLQGRZVXSWRWKHQH[WGLVFDUGUHSHDWZLQGRZZLOO
DOVR EH SHUIHFWO\ SKDVH FRKHUHQW )URP )LJXUH  RQFH SKDVH
FRKHUHQFHLVUHDOL]HGDWV\QWKHVLVZLQGRZ
LQ)LJXUHWKHUH
LV QR QHHG IRU IXUWKHU IUHTXHQF\GRPDLQ SURFHVVLQJ DQG D
VHJPHQW RI WKH RULJLQDO WLPHGRPDLQ LQSXW FDQ EH VLPSO\
LQVHUWHG LQWR WKH RXWSXW LQ D VLPLODU PDQQHU WR WLPHGRPDLQ
LPSOHPHQWDWLRQV DV VKRZQ LQ )LJXUH  7KLV KDV WKH DGGHG
EHQHILWRIUHGXFLQJWKHFRPSXWDWLRQDOFRVWVZKLOVWEULQJLQJWKH
WLPHVFDOHGRXWSXWLQWRDSKDVHFRKHUHQWVWDWH
7KLVSURFHVVUHTXLUHVWKDWDFHUWDLQQXPEHURIZLQGRZVH[LVW
EHIRUH WKH QH[W GLVFDUGUHSHDW RSHUDWLRQ IRU H[DPSOH JLYHQ D
SKDVH WROHUDQFH RI  LH ʌ UDGLDQV SHUIHFW SKDVH
FRKHUHQFH LV DVVXUHG WR EH HVWDEOLVKHG IRU WLPHVFDOH IDFWRUV
EHWZHHQ  DQG  VLQFH SKDVH YDOXHV FDQ EH DW PRVW ʌ
UDGLDQVIURPSHUIHFWSKDVHFRKHUHQFH,WVKRXOGEHQRWHGWKDWLI
WKHSKDVHYDOXHVRIV\QWKHVLVZLQGRZ
ZHUHFORVHWRWKRVHRI
DQDO\VLV ZLQGRZ  WKHQ SHUIHFW SKDVH FRKHUHQFH ZRXOG EH
HVWDEOLVKHG TXLFNO\ WKH IROORZLQJ VHFWLRQ DGGUHVVHV WKLV LVVXH
E\PDNLQJXVHRIWLPHGRPDLQWHFKQLTXHVLQLGHQWLI\LQJµJRRG¶
LQLWLDO SKDVH YDOXHV WKHUHE\ UHGXFLQJ WKH WUDQVLWLRQ WLPH WR
SHUIHFWSKDVHFRKHUHQFH
)LJXUH7LPHVFDOLQJSURFHVV
5. HYBRID IMPLEMENTATION
7KHRULJLQDOPRWLYDWLRQEHKLQGWKH62/$DOJRULWKP>@ZDVWR
SURYLGH DQ LQLWLDO VHWRISKDVHHVWLPDWHV IRU WKH UHFRQVWUXFWLRQ
RIDPDJQLWXGHRQO\67)7UHSUHVHQWDWLRQRIDVLJQDO7KHVDPH
SULQFLSOHLVXVHGKHUHWRSURYLGHDVHWRISKDVHHVWLPDWHVIRUXVH
ZLWKLQ WKH SURFHGXUH RXWOLQHG LQ VHFWLRQ  7KH UHPDLQGHU RI
WKLVVHFWLRQGHVFULEHVWKHDSSURDFKXVHGWRGHWHUPLQHWKHLQLWLDO
SKDVHHVWLPDWHVDQGWKHLUXVHZLWKLQWKHK\EULGLPSOHPHQWDWLRQ
&RQVLGHU WKH VLWXDWLRQVKRZQ LQ)LJXUH LQZKLFKD IUDPH
H[WUDFWHGIURPWKHLQSXWLVVKRZQRYHUODSSLQJZLWKWKHFXUUHQW
RXWSXW$VZLWKWKHVWDQGDUG62/$LPSOHPHQWDWLRQWKHRYHUODS
VKRZQLVGHWHUPLQHGWKURXJKWKHXVHRIDFRUUHODWLRQIXQFWLRQ
)RU WKHPWK LWHUDWLRQ RI WKH DOJRULWKP WKH RIIVHW ĲP LV FKRVHQ
VXFKWKDWWKHFRUUHODWLRQIXQFWLRQ5PĲJLYHQE\
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LV DPD[LPXP IRU Ĳ  ĲPZKHUH[ LV WKH LQSXW VLJQDO\ LV WKH
WLPHVFDOHG RXWSXW/P LV WKH OHQJWKRI WKHRYHUODSSLQJ UHJLRQ
DQG Ĳ LV LQ WKH UDQJH   Ĳ  ĲPD[ ZKHUH ĲPD[ LV W\SLFDOO\ WKH
QXPEHU RI VDPSOHV ZKLFK HTXDWHV WR DSSUR[LPDWHO\ PV 6D
DQG6VDUHGHILQHGLQVHFWLRQ7KHRSWLPXPIUDPHRYHUODS/RY
VKRZQLQ)LJXUHLVWKHQJLYHQE\
/RY 16V±ĲP 
ZKHUH1LVWKHIUDPHOHQJWKGHILQHGLQVHFWLRQ
)LJXUH+\EULGLWHUDWLRQ
$OVR VKRZQ LQ )LJXUH  EHORZ WKH LQSXW IUDPH DUH WKH
V\QWKHVLVZLQGRZVDQG WKH V\QWKHVLV IUDPH LW LV WKLVV\QWKHVLV
IUDPHZKLFKLVDSSHQGHGWRWKHFXUUHQWRXWSXWZLWKLQWKHK\EULG
DSSURDFKDQGQRWWKHLQSXWIUDPHDVLVWKHFDVHLQ62/$7KH
IROORZLQJGHWDLOVWKHJHQHUDWLRQRIWKHV\QWKHVLVIUDPH
:LQGRZ E LV ILUVW H[WUDFWHG IURP WKH RXWSXW \ DQG LV
SRVLWLRQHG VXFK WKDW LW KDV LWV FHQWHU DW WKH FHQWHU RI WKH
µRSWLPXP¶RYHUODSDVVKRZQLQWKHGLDJUDP0RUHVSHFLILFDOO\
IRUWKHPWKLWHUDWLRQRIWKHDOJRULWKPIUDPHELVJLYHQE\
EM \P6VĲP/RY±/MZMIRUM  / 
ZKHUHZ LV WKH67)7DQDO\VLVZLQGRZ W\SLFDOO\KDQQLQJ/ LV
WKH 67)7 ZLQGRZ OHQJWK W\SLFDOO\ WKH QXPEHU RI VDPSOHV
ZKLFKHTXDWHVWRDSSUR[LPDWHO\PV%RWKVKRUWHUDQGORQJHU
ZLQGRZV KDYH EHHQ SURSRVHG LQ WKH OLWHUDWXUH KRZHYHU PV
ZDV IRXQG WR EH VXLWDEOH IRU DQ LPSOHPHQWDWLRQ ZKLFK LV
LQWHQGHG WR FDWHU IRU ERWK VSHHFK DQG D ZLGH UDQJH RI
SRO\SKRQLFPXVLF
7KHZLQGRZILVH[WUDFWHGIURPWKHLQSXW[DQGLVSRVLWLRQHG
VXFK WKDW LW LV DOLJQHGZLWK IUDPHE 6XEVHTXHQWZLQGRZV DUH
VHTXHQWLDOO\VSDFHGE\WKH67)7KRSVL]H+0RUHVSHFLILFDOO\
IRUWKHPWKLWHUDWLRQRIWKHDOJRULWKPZLQGRZIQLVJLYHQE\
IQM [P6D/RY+Q±/MZMIRUM  / 
)
 WKH ')7 UHSUHVHQWDWLRQ RI I
 LV WKHQ GHULYHG XVLQJ WKH
PDJQLWXGHVRI)DQG WKHSKDVHYDOXHV%ZKHUH)QDQG%DUH
WKH')7UHSUHVHQWDWLRQVRIIQDQGEUHVSHFWLYHO\WKHQ
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( ) ( ) ( )( )N%LN)N) ∠= H[S
 IRUDOONLQWKHVHW3 
ZKHUH3LVWKHVHWRISHDNELQVIRXQGLQ_)_$OORWKHUELQVDUH
XSGDWHGVRDVWRPDLQWDLQWKHRULJLQDOSKDVHGLIIHUHQFHEHWZHHQ
DSHDNDQGELQV LQ LWV UHJLRQRI LQIOXHQFHDVGHVFULEHG LQ>@
7KH SKDVH YDOXHV RI 67)7 ZLQGRZ % DUH FKRVHQ VLQFH WKH\
SURYLGHDVHWRISKDVHYDOXHVWKDWQDWXUDOO\IROORZWKHZLQGRZ
ODEHOHGD LQ )LJXUH  DQG WKHUHIRUHPDLQWDLQ KRUL]RQWDO SKDVH
FRKHUHQFH6XEVHTXHQWV\QWKHVLVZLQGRZVDUHGHULYHGIURP
( ) ( ) ( ) ( ) ( ) ( )( )( )N'N)N)N)LN)N) QQQQQ +∠−∠+∠∠= −− 
 
 H[S 
IRUDOONLQWKHVHW3QZKHUH3QLVWKHVHWRISHDNELQVIRXQGLQ
_)Q_$VDERYHDOORWKHUELQVDUHXSGDWHGVRDV WRPDLQWDLQ WKH
RULJLQDOSKDVHGLIIHUHQFHEHWZHHQDSHDNDQGELQV LQLWVUHJLRQ
RI LQIOXHQFH )RU WKH K\EULG FDVH SHUIHFW SKDVH FRKHUHQFH LV
DFKLHYHG ZKHQ V\QWKHVLV 67)7ZLQGRZ)Q
 KDV WKHPDJQLWXGH
DQGSKDVHYDOXHVRIZLQGRZ)Q 'LVWKHSKDVHGHYLDWLRQZKLFK
LVXVHGWRSXVKRUSXOOWKHIUDPHVLQWRDSKDVHFRKHUHQWVWDWH'
LVGHSHQGHQWRQWKHELQQXPEHUGHQRWHGE\NDQGLVJLYHQE\
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ZKHUHș LVWKHPD[LPXPSKDVHWROHUDQFHVHHVHFWLRQ
7KHQXPEHURIV\QWKHVLV67)7ZLQGRZVUHTXLUHGLVVXFKWKDW
DQLQYHUVH67)7RQWKHVHZLQGRZVUHVXOWVLQDV\QWKHVLVIUDPH
RIGXUDWLRQ1/7KLVLVWRHQVXUHWKDWZLQGRZELVDYDLODEOH
IRU WKHQH[W LWHUDWLRQRI WKH DOJRULWKP ,W VKRXOGEHQRWHG WKDW
WKHQXPEHURIWKHV\QWKHVLVZLQGRZVDOVRFRQWUROVWKHDELOLW\RI
WKHDOJRULWKPWRUHFRYHUSKDVHFRKHUHQFHLI1LVODUJHZKLFKLV
WKH FDVH ZKHQ LV α LV FORVH WR RQH VHH HTXDWLRQ  SKDVH
FRKHUHQFH LV UHFRYHUHGPRUH HDVLO\7KH V\QWKHVLV IUDPH [P LV
REWDLQHG WKURXJK WKH DSSOLFDWLRQ RI DQ LQYHUVH 67)7 RQ
ZLQGRZV)
 )
 )
«7KHRXWSXW\LVWKHQXSGDWHGE\
\P6VĲP/RY±/M (M\P6VĲP/RY±/M
 [PMIRUM  /±+ 
\P6VĲP/RY±/M [PMIRU/+M  1/ 
ZKHUH LQHTXDWLRQPHDQVµEHFRPHVHTXDOWR¶DQG(LVDQ
HQYHORSH IXQFWLRQ ZKLFK HQVXUHV WKDW WKH RXWSXW \ VXPV WR D
FRQVWDQWGXULQJWKHRYHUODSDGGSURFHGXUH
( LV GHSHQGHQW RQ WKH 67)7 KRS VL]H + DQG ZKHWKHU D
V\QWKHVLV ZLQGRZ LV HPSOR\HG GXULQJ WKH LQYHUVH 67)7
SURFHGXUH)RUWKHFDVHZKHUHDV\QWKHVLVZLQGRZLVHPSOR\HG
ZKLFKLVHTXDOWRWKHDQDO\VLVKDQQLQJZLQGRZZDQG+  /
(M Z+MZ+MZ+MIRUM  /±+ 
,W VKRXOG EH QRWHG WKDW IRU WKH FDVH ZKHUH WKH LQSXW LV
SHUIHFWO\SHULRGLFWKHLQLWLDOSKDVHHVWLPDWHVSURYLGHGE\67)7
ZLQGRZ%DUHDVVXUHGWREHHTXDOWRWKHWDUJHWSKDVHYDOXHVRI
ZLQGRZ)DQGWKHWLPHVFDOHGRXWSXWLVDOZD\VSHUIHFWO\SKDVH
FRKHUHQW)RUTXDVLSHULRGLFVLJQDOVVXFKDVVSHHFKWKHLQLWLDO
SKDVHHVWLPDWHVDUHJHQHUDOO\FORVHWRWKHWDUJHWSKDVHDQGWKH
WUDQVLWLRQSHULRGWRSHUIHFWSKDVHFRKHUHQFHLVJHQHUDOO\VKRUW
)RUWKHFDVHZKHUHPRUHFRPSOH[DXGLRLVEHLQJWLPHVFDOHG
WKH WUDQVLWLRQ WR SHUIHFW SKDVH FRKHUHQFH LV UHODWLYHO\ ORQJ
QHYHUWKHOHVVWKHUHYHUEHUDQWDUWLIDFWLQWURGXFHGGXHWRWKHORVV
RISHUIHFWSKDVHFRKHUHQFHLVSHUFHSWXDOO\OHVVREMHFWLRQDEOHLQ
WKHVH W\SHVRI VLJQDOVGXH WR WKH UHYHUEHUDWLRQ OHYHOJHQHUDOO\
DOUHDG\SUHVHQW7KHK\EULGDSSURDFKGHVFULEHGGRHVKRZHYHU
KDYH WKHEHQHILWRIQRWLFHDEO\UHGXFLQJ WKHHIIHFWVRI WUDQVLHQW
VPHDULQJZLWKRXWWKHQHFHVVLW\RIH[SOLFLWWUDQVLHQWGHWHFWLRQ
$V ZLWK WLPHGRPDLQ LPSOHPHQWDWLRQV WKH TXDOLW\ DQG
HIILFLHQF\ LPSURYHPHQWV RIIHUHG E\ WKH K\EULG DSSURDFK RYHU
IUHTXHQF\GRPDLQ DSSURDFKHV DUH PRVW QRWLFHDEOH IRU WLPH
VFDOLQJIDFWRUVFORVHWRRQHZLWKUHVXOWVEHLQJSDUWLFXODUO\JRRG
IRUIDFWRUVLQWKHUDQJHWR
6. CONCLUSIONS
$ K\EULG WLPHVFDOLQJ DOJRULWKP LV SUHVHQWHGZKLFK GUDZV RQ
WKH EHVW IHDWXUHV RI WLPHGRPDLQ DQG IUHTXHQF\GRPDLQ
LPSOHPHQWDWLRQV 7KH QRYHO DSSURDFK UHGXFHV WKH SUHVHQFH RI
WKH UHYHUEHUDQW DUWLIDFW DVVRFLDWHG ZLWK IUHTXHQF\GRPDLQ
WHFKQLTXHVZLWKRXW WKH UHTXLUHPHQWRIH[SOLFLWSLWFKGHWHFWLRQ
WKH DOJRULWKP LV DOVR FDSDEOH RI SUHVHUYLQJ WUDQVLHQWVZLWKRXW
H[SOLFLW WUDQVLHQWGHWHFWLRQ7KHLPSURYHPHQWVSURYLGHGE\WKH
DSSURDFKDUHPRVWQRWLFHDEOHIRUWLPHVFDOHIDFWRUVFORVHWRRQH
 7KH DOJRULWKP LV ERWK UREXVW DQG HIILFLHQW DQG
SURGXFHVYHU\KLJKTXDOLW\ UHVXOWV IRUERWK VSHHFKDQGDZLGH
UDQJHRISRO\SKRQLFDXGLR
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